Humans have had a significant impact on the distribution and abundance of Saccharomyces cerevisiae through its widespread use in beer, bread and wine production. Yet, similar to other Saccharomyces species, S. cerevisiae has also been isolated from habitats unrelated to fermentations. Strains of S. cerevisiae isolated from grapes, wine must and vineyards worldwide are genetically differentiated from strains isolated from oaktree bark, exudate and associated soil in North America. However, the causes and consequences of this differentiation have not yet been resolved. Historical differentiation of these two groups may have been influenced by geographic, ecological or humanassociated barriers to gene flow. Here, we make use of the relatively recent establishment of vineyards across North America to identify and characterize any active barriers to gene flow between these two groups. We examined S. cerevisiae strains isolated from grapes and oak trees within three North American vineyards and compared them to those isolated from oak trees outside of vineyards. Within vineyards, we found evidence of migration between grapes and oak trees and potential gene flow between the divergent oak-tree and vineyard groups. Yet, we found no vineyard genotypes on oak trees outside of vineyards. In contrast, Saccharomyces paradoxus isolated from the same sources showed population structure characterized by isolation by distance. The apparent absence of ecological or genetic barriers between sympatric vineyard and oak-tree populations of S. cerevisiae implies that vineyards play an important role in the mixing between these two groups.
Introduction
Most species exhibit some degree of population differentiation. This genetic differentiation is often a consequence of physical barriers to migration, but can also arise through local adaptation. The budding yeast Saccharomyces cerevisiae is widely distributed and consistently associated with two distinct habitats: human-related fermentations (Fay & Benavides 2005; Legras et al. 2007; Liti et al. 2009 ) and oak trees and their associated substrates (Naumov et al. 1998; Sniegowski et al. 2002; Zhang et al. 2010) . Previous studies have demonstrated that the population genetic structure of S. cerevisiae is correlated with this ecological differentiation rather than geographical distance (Fay & Benavides 2005; Legras et al. 2007; Diezmann & Dietrich 2009; Liti et al. 2009; Schacherer et al. 2009 ). In contrast, the population structure of Saccharomyces paradoxus, the closest relative of S. cerevisiae, seems to be driven by geographical distance (Koufopanou et al. 2006; Liti et al. 2009 ). Because S. paradoxus is predominantly associated with oak-tree habitats and rarely associated with humanrelated fermentations, the difference in population genetic structure between S. cerevisiae and S. paradoxus could simply be a consequence of S. cerevisiae's association with humans, either through human-associated dispersal (Legras et al. 2007) or through artificial selection in the form of domestication (Fay & Benavides 2005; Liti et al. 2009 ).
In S. cerevisiae, population structure is largely defined by multiple strains isolated from a variety of human-related fermentations. Genetically differentiated groups have been identified in association with the production of beer, bread, grape wine, sake wine, palm wine and various food products (Sicard & Legras 2011) . One of the best characterized groups includes strains isolated from grapes and grape must as well as those used in commercial grape wine production. These strains have been isolated from vineyards around the world and form a genetically homogeneous group (Fay & Benavides 2005; Liti et al. 2009 ), which we refer to as vineyard strains. Strains unrelated to human fermentations have primarily been isolated from oak-tree exudate, bark and associated soil as well as clinical samples from immunocompromised patients (Liti et al. 2009 ). These strains are more diverse and unless isolated from the same location do not form a well-defined group. Given the widespread occurrence and co-occurrence of Saccharomyces species on oak trees in the Northern Hemisphere (Sniegowski et al. 2002; Sampaio & Gonc ßalves 2008) and beech trees in the Southern Hemisphere (Libkind et al. 2011) , the tree habitat is thought to represent the wild source from which many humanassociated strains were derived. This has been confirmed in at least once case: the non-S. cerevisiae contribution to the alloploid lager-brewing S. pastorianus genome has recently been identified as S. eubayanus, a species isolated from trees in Patagonia (Libkind et al. 2011) .
The underlying cause of genetic differentiation between vineyard and nonvineyard strains of S. cerevisiae has been difficult to determine. Differentiation of vineyard and nonvineyard strains could be the result of historical patterns of migration, in which case the genetic similarity of vineyard strains isolated from around the world is a consequence of human-assisted migration, either intentional or not, from European vineyards to those in other locations. It is also important to consider the possibility that historical population structure contributed to the genetic differentiation of vineyard and nonvineyard strains. The majority of oaktree and clinical strains have been isolated from North America, whereas the vineyard strains are thought to have a European origin (Liti et al. 2009 ). Most oak-tree samples from Europe yield other Saccharomyces species (Johnson et al. 2004; Koufopanou et al. 2006; Sampaio & Gonc ßalves 2008) , and the few S. cerevisiae strains that have been obtained have not yet been genetically characterized. Furthermore, of the few clinical isolates and wild isolates from Europe, most group with vineyard strains (Liti et al. 2009 ). However, without a well-defined group of nonvineyard strains from Europe, it has been difficult to understand the multitude of factors responsible for genetic differentiation of vineyard and nonvineyard groups. Local adaptation to the vineyard environment and/or human selection could also help maintain differentiation between these groups, an idea that is supported by a variety of phenotypes that have been associated with vineyard strains. Divergent phenotypes include resistance to copper (Fay et al. 2004; Liti et al. 2009 ) and sulphite (Park & Bakalinsky 2000) , two chemicals used in vineyards and for wine production, growth and fermentation parameters (Spor et al. 2009 ), freeze/thaw tolerance , sporulation efficiency (Gerke et al. 2006) and wine aroma and flavour (Hyma et al. 2011) .
The relatively recent establishment of vineyards outside of Europe presents the opportunity to examine recent migration and recombination between vineyard and oak-tree populations of S. cerevisiae. In New Zealand, isolates from natural sources and vineyard strains migrate between habitats and interbreed (Zhang et al. 2010) . However, the extent to which this occurs in other locations is not known. The degree of migration and genetic exchange between vineyards and other natural habitats, such as oak trees, is important to knowing whether vineyard strains are adapted to vineyard environment, whether oak-tree strains can invade vineyards and contribute to wine fermentations, and whether recent genetic exchange is breaking down the differentiation between these two groups.
To better understand the evolutionary forces that contribute to population structure in S. cerevisiae, we examined local population structure between oak-tree and vineyard isolates in North America. Because samples from a single location are often very closely related to one another, we used a recently developed genome-sequencing approach that enabled us to interrogate approximately 200 kb of sequence distributed across S. cerevisiae's 12.5-Mbp genome. By comparing this sequence to other sequenced S. cerevisiae genomes, we found strains that clearly fall within previously defined vineyard and oak-tree groups. We isolated strains from both of these genetically defined groups from both the grape and oak-tree substrates within vineyards, but not from oak trees sampled outside of vineyards. In comparison, samples of S. paradoxus, which can also be isolated both within and outside of vineyards, exhibit a genetic pattern of isolation by distance. Our results provide insight into population structure in North America and demonstrate that migration and potential genetic exchange between vineyard and oak-tree habitats have occurred over a short timescale.
Materials and methods

Strains
Saccharomyces cerevisiae and S. paradoxus strains were collected from a total of eight study sites. 
Sampling and enrichment
Samples were collected from two different environments at vineyard locations; from damaged grapes and from adjacent, vineyard-associated oak trees. At nonvineyard locations, samples were collected from oak trees. Damaged grapes and oak trees were chosen for sampling based on previously published studies showing high recovery rates (Naumov et al. 1998; Mortimer & Polsinelli 1999; Sniegowski et al. 2002; Sampaio & Gonc ßalves 2008) . Damaged grapes were removed from the vine using ethanol-sterilized forceps and macerated using an ethanol-sterilized metal rod. Oak-tree samples were taken from bark, twig and surrounding soil found at the base of established trees >8.9 cm (3.5 inches) in diameter. Oak bark samples were scraped from the tree using ethanol-sterilized knives, twigs were cut using ethanol-sterilized scissors, and soil was collected using ethanol-sterilized spatulas. All types of samples were placed into sterile plastic 15-mL screw cap conical vials. In addition to grape and oak samples, samples from dejuiced grape mash and from a spontaneously generated wine fermentation were collected at Chaumette Vineyards. Samples were collected in 2008 from all eight locations during the harvest season for vineyards in MO (September) and OR (October). Additional samples were collected from the MO Chaumette Vineyard and Tyson sampling locations in 2009.
Samples were enriched for S. cerevisiae and other yeasts species that favour similar growing conditions by adding 6 mL of sterile enrichment media to the sample, closing the tube and allowing it to ferment. Two different types of enrichment media were used, a high-sugar medium (H), YPD containing 10% dextrose and 5% ethanol, adjusted to pH 5.3 (Mortimer & Polsinelli 1999) , and a low-sugar medium (L) containing 6.7 g/L yeast nitrogen base, 1% w/v glucose and 8% v/v ethanol, an adaptation from the study by Sampaio & Gonc ßalves (2008) in order to determine which enrichments increase the recovery of S. cerevisiae. After 7 days of fermentation, a 200-lL sample was transferred into a new 15-mL vial with 6 mL of fresh sterile enrichment media and allowed to ferment for an additional 4 days. Following the second fermentation, 2 lL of enriched media was plated onto YPD plates and incubated at 30°C for 2 days. One to six colonies from each plate was restreaked for purity, and frozen stock cultures of an overnight (YPD) culture were prepared in 15% glycerol at À80°C. For samples collected in 2009, only the highsugar enrichment medium was used for both stages of enrichment, and only colonies that resembled S. cerevisiae were restreaked and frozen.
Isolate screening and species identification. Colonies that resembled bacteria were tested on YPD agar containing 10 mg/L chrloramphenicol and 100 mg/L ampicillin, bacterial-specific antibiotics. If colonies failed to survive antibiotic screening (indicating probably bacterial species), they were excluded from the study. Remaining 'yeast-like' colonies were further screened with molecular methods to identify isolates belonging to the Saccharomyces sensu stricto group. DNA was purified from each isolate by resuspending a colony grown on YPD in 100 lL of 10 mg/mL lyticase with a small amount of glass beads in a 96-well PCR plate. Plates were sealed and incubated at 37°C for 15 min, followed by a brief vortexing for 2-3 s and incubation at 95°C for 10 min. The resulting DNA was then used as a template for a multiplex PCR assay (Nardi et al. 2006) . The assay included two primer pairs, one specific to the Saccharomyces sensu stricto group and the other that acts as a universal fungal primer (Table S1 , Supporting information). Amplification of two PCR products indicated the presence of Saccharomyces sensu stricto specific priming and thus identification of Saccharomyces species. PCRs were carried out in 25 lL reaction mixture using 3 lL of DNA template, 0.5 lL of each primer at 10 lM concentration, 1 lL Taq polymerase, 1.2 mM DNTPs and 4 mM MgCl 2 . PCRs were incubated at 94°C for 2 min followed by 35 cycles of 94°C for 30 s, 51°C for 30 s and 72°C for 2 min, followed by a final incubation at 72°C for 7 min.
Isolates that were identified as Saccharomyces sensu stricto using this method were further classified using ribotyping, restriction digests of the intergenic transcribed spacer region (McCullough et al. 1998 ). An initial digestion by the restriction enzyme HaeIII was first used to differentiate S. cerevisiae and S. paradoxus from S. mikatae, S. bayanus and S. kudriavzevii. A second digestion by either BfaI or MwoI was used to further differentiate species within these two groups, respectively (Table S2 , Supporting information).
A large number of oak isolates were obtained, and a subset was selected for sequence analysis with preference given to those from different trees. A total of 49 S. cerevisiae and 28 S. paradoxus strains were selected for analysis (Table 1) . A single S. cerevisiae was isolated from a spontaneous fermentation, two were isolated from macerated grapes near the winery. Four additional strains isolated in Wisconsin, two from cherries and two from oak trees, were provided by Audrey Gasch. See Tables S3 and S4 (Supporting information) for a description of S. cerevisiae and S. paradoxus strains used in this study.
Genotyping
Restriction site-associated DNA tags (RAD tags) were sequenced using a protocol based on the study by Baird et al. (2008) . Genomic DNA was isolated using ArchivePure DNA Yeast & Gram + Kits (5 Prime, Inc.), quantified using the Quant-it dsDNA HS Assay (Invitrogen Corporation), adjusted to a standard concentration and digested for 60 min at 37°C in 50 lL reaction mixture with 5 units (U) each of MfeI and MboI (New England Biolabs, Inc.), followed by heat inactivation for 20 min at 65°C. Digested genomic DNA was ligated to P1 adaptor, a modified Solexa© adaptor (2006 Illumina, Inc., all rights reserved; top: 5′-ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT xxxx-3′ [x = barcode], bottom: 5′-Phos-AATT xxxx AGA TCG GAA GAG CGT CGT GTA GGG AAA GAG TGT-3′), and P2 adaptor, a modified Solexa© adaptor (2006 Illumina, Inc., all rights reserved; top: 5′-Phos-GAT CCT CAG GCA TCA CTC GAT TCC TCC GAG AAC AA-3′ : bottom: 5′-CAA GCA GAA GAC GGC ATA CGA CGG AGG AAT CGA GTG ATG CCT GAG-3′), with 1000 U concentrated T4 DNA ligase (New England Biolabs, Inc.) at room temperature for 20 min, followed by heat inactivation at 65°C for 20 min. Ligated and digested DNA was pooled and purified using a QIAquick PCR Purification Kit (Qiagen, Inc.). Fragments from 150 to 500 bp were isolated using a QIAquick Gel Extraction kit (Qiagen, Inc.). Fragments were then PCR amplified using 5-10 ng DNA, 25 lL Phusion High-Fidelity PCR Master Mix (New England Biolabs, Inc.), 0.5 lM of each modified Solexa© pcr primer: (solexa pcr forward P1 5′-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CT-3′ and solexa pcr reverse P2 5′-CAA GCA GAA GAC GGC ATA CGA-3′) and water to a final volume of 50 lL. Cycling conditions were 98°C for 1 min followed by 14-18 cycles of 98°C for 10 s, 60°C for 30 s, 72°C for 30 s and a final extension at 72°C for 4 min. The resulting PCR product was purified using a QIAquick PCR Purification Kit (Qiagen, Inc.) and adjusted to 10 nm. Illumina Solexa protocols were followed for sequencing.
Sequence analysis
Raw sequence reads were processed to reduce sequencing artefacts within the data using custom Perl scripts. First, reads were separated by barcodes, which were examined for quality and trimmed from reads prior to mapping. Reads with a Phred-scaled sequence quality score of <20 for any bp within the barcode, as well as reads with an unknown barcode sequence, were removed. For S. cerevisiae, reads were aligned to the Saccharomyces genome resequencing project (SGRP) reference genome (available at http://www.sanger.ac. uk/research/projects/genomeinformatics/sgrp.html; Liti et al. 2009 ) using the short-read alignment program BOWTIE (Langmead et al. 2009 ). Reads that aligned to more than one location were suppressed (option-m1), two mismatches were allowed in the 28-bp seed (options n2, -l28), and the try hard option was enabled. Reads that lacked a MfeI restriction site or did not align adjacent to an MfeI restriction site (AATG), allowing for a 1-bp mismatch from the reference sequence within the restriction site, were filtered from the data set.
Alignment rates to the SGRP S. paradoxus reference genome were low (<50%) for most S. paradoxus strains, including the control strain YPS138, probably due to the large amount of sequence divergence between North American isolates and the European isolates used to generate the reference genome (Liti et al. 2009) . A new assembly was created using the SGRP genome sequences of North American S. paradoxus strains UFRJ50791, UFRJ50816, A12, A4, YPS138 and DBVPG6304, which resulted in 5-69 coverage, and was used for alignment.
After alignment, the first four and last 4 bp of each read were discarded. Any position in an aligned read with a Phred-scaled sequence quality score of <15 was masked by converting that position to an 'n,' changing its quality score to 0 and removing it from the calculation of sequence coverage at that position. Consensus pile-ups for each strain were generated using SAMTOOLS (Li et al. 2009 ). Sequenced positions with a consensus quality score of <40 or with <39 coverage were filtered out of the data set. Single-nucleotide polymorphisms (SNPs) in the data set were retained if the SNP quality score was ! 20, and there were no more than 2 SNPs in a 10-bp window.
During each run, we included two control strains with independent genome sequence data to estimate the false-positive rate for SNPs resulting from Solexa sequencing. The expected number of false positives was calculated for each control strain as FP*T, where T is the total number of Solexa-sequenced positions for the strain, and FP is the false-positive rate estimated by the number of SNPs found by Solexa sequencing but not found in the previously sequenced genome. To exclude any errors present in the previously sequenced genomes, we estimated the rate of false positives from sites that were the same in both the M22 and YPS163 reference genomes. False discovery rate estimates are found in Table S7 (Supporting information).
The average number of sequenced positions for 51 S. cerevisiae and 40 S. paradoxus isolates was 462 972 and 284 334 bp, respectively. Several S. paradoxus isolates had very low sequence coverage (10 000 bp or less) and were excluded from analysis. After removing those isolates, the average number of sequenced positions for S. paradoxus was 292 572 bp.
Statistical analysis
Population differentiation between vineyard and oaktree populations of S. cerevisiae was characterized using 49 S. cerevisiae isolates including 17 grape isolates (MO, OR), 10 oak isolates recovered within or adjacent to vineyards (MO, OR), 15 oak isolates recovered outside of vineyards (MO, OR), along with a single isolate from a spontaneous fermentation, two isolates from macerated grapes near a winery, two oak isolates and two cherry isolates from Wisconsin. Population differentiation within S. paradoxus samples was characterized using 28 isolates including 3 grape isolates (MO, OR), 10 vineyard oak isolates (MO, OR) and 15 nonvineyard oak isolates (MO, OR; Table 1 ).
Due to the properties of RAD tagging and Solexa sequencing, certain regions of the genome may not be sequenced in every isolate. To adjust for this possibility, the sequence data set was compiled for RAD-genotyped S. cerevisiae strains, and any position that was sequenced for at least 48 of the 49 strains was retained. After filtering, the data set included 215 395 bp, representing about 1.7% of the S. cerevisiae genome. Orthologous sequences were obtained from a set of 38 S. cerevisiae strains with sequenced genomes (Liti et al. 2009 ). Genotypes for these strains were extracted from the alignments available at http://www.sanger.ac.uk/research/projects/ genomeinformatics/sgrp.html. See Table S5 (Supporting information) for a list of strains. Sequenced positions with a Phred score of <20 were converted to 'N's. Orthologous sequences were also obtained from a set of 25 newly sequenced S. cerevisiae strains (Table S6 , Supporting information), available at http://www.genetics. wustl.edu/jflab/data4.html. Genotype information for these strains was obtained using BLAST (Altschul et al. 1990) , using the reference sequence at RAD-genotyped positions as a query against nucleotide BLAST databases created from genome assemblies. After the addition of the previously sequenced strains, the data set was further restricted to positions for which sequence data were available for at least 80% of strains (including both RAD-genotyped and previously sequenced strains). After filtering, our data set included 5425 variable positions (SNPs).
The sequence data were compiled separately for RAD-genotyped S. paradoxus strains. Filters were similar to those used for S. cerevisiae except that we included positions that were sequenced for at least 24 of the 40 strains. The filtered data set included 281 944 bp, representing approximately 2.4% of the S. paradoxus genome. Additional genome sequences for a diverse set of 37 S. paradoxus strains have been described previously (Liti et al. 2009 ). Genotypes for these strains were extracted using BLAST (Altschul et al. 1990 ). See Table S6 (Supporting information) for a list of strains. The assemblies of these strains were downloaded from http://www.sanger.ac.uk/research/projects/ genomeinformatics/sgrp.html. After filtering, our data set included 9809 variable SNPs.
Sequence diversity was estimated for noncoding regions, coding regions, twofold, fourfold and nondegenerate sites based on the SGRP reference genome annotation (Liti et al. 2009 ) for S. cerevisiae. Sequence diversity was estimated as the number of nucleotide substitutions per site (p) using MEGA4 (Tamura et al. 2007 ). All positions containing alignment gaps and missing or ambiguous data were eliminated only in pairwise sequence comparisons. The ratio p N /p S was estimated based on substitutions per nondegenerate site/substitutions per fourfold degenerate site, and twofold degenerate sites were excluded from the calculation. Minor allele frequencies (MAF) were calculated for biallelic sites using PLINK (Purcell et al. 2007 ). For MAF in S. cerevisiae, only one isolate from each clonal group, defined as a single clade in which the pairwise nucleotide P-value between any two strains within the group is <0.0002, was included in the analysis. The neutral expectation for MAF was calculated using Watterson's h (Watterson 1975) following (Lu et al. 2006) .
Phylogenetic analysis and population structure
Phylogenetic trees were inferred with MEGA4 (Tamura et al. 2007 ) using the neighbour-joining method based on pairwise distances (measured as nucleotide substitutions per site) with 1000 bootstrap replicates. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence comparisons.
Population structure was examined using the modelbased program Structure (Pritchard et al. 2000) . For S. cerevisiae, population structure was inferred from 3087 parsimony informative loci assuming the admixture model with uncorrelated allele frequencies and no linkage. Three initial simulations at K = 1 were used to infer lambda, which parameterizes the allele frequency prior, and based on these initial simulations, lamda was set at 0.4912 for subsequent simulations. Three replicate simulations were performed for each inferred number of populations (K), for K = 2 through K = 10 with a burn-in period of 10 000, followed by 10 000 additional Markov Chain Monte Carlo replications. An additional seven replicate simulations were run for K = 6 and K = 7. CLUMPP (Jakobsson & Rosenberg 2007 ) was used to assess the similarity between replicate Structure results (G′) in order to determine the relative likelihood of multimodality of the inferred population structure. For K = 6 and K = 7, the LARGEKGREEDY algorithm was used with 10 000 random permutations. DISTRUCT (Rosenberg 2003 ) was used to visualize the results. The Structure simulation at K = 7 with the highest estimated Ln probably of the data was used for population assignment and inferences of admixture.
Population structure was also examined using a similar model-based program, INSTRUCT (Gao et al. 2007 ) that accounts for inbreeding. Biallelic SNPs were filtered to remove SNPs that were in approximate linkage equilibrium with each other in a 50-bp window using PLINK (Purcell et al. 2007 ) before randomly selecting 100 SNPs in order to reduce runtime. Five chains for each of K = 2 through K = 10 were run with a burn-in period of 100 000 followed by 2 000 000 additional Markov Chain Monte Carlo replications. The 20 stored iteration results after burn-in were used to calculate the GelmanRubin statistic. DISTRUCT (Rosenberg 2003) was used to visualize the results.
Multidimensional scaling was used to graph genetic similarity among strains. To focus on alleles relevant to admixture, a subset of 285 biallellic SNPs segregating within both the wine-clade and oak-clade were meancentred and variance-normalized. Multidimensional scaling was then applied to the euclidean distance matrix of the scaled genotypes.
Population structure in S. paradoxus was examined for 7063 parsimony informative SNPs as in S. cerevisiae, with 10 replications each of K = 2 through K = 5 with k = 1. Similarity was assessed using the full-search algorithm to compare 10 permutations for each inferred number of populations.
Results
Sampling of yeast from vineyard and oak substrates
Saccharomyces cerevisiae and S. paradoxus were isolated from grapes and oak trees in MO and OR. While the isolation rates of S. cerevisiae and S. paradoxus from oak samples were similar to previous studies (Sampaio & Gonc ßalves 2008) , 14% and 28% in 2008, respectively, the isolation rate of S. cerevisiae from grape samples (2%) was very low compared to isolations rates from vineyards in Italy (20%; Mortimer & Polsinelli 1999) . A total of 49 S. cerevisiae and 28 S. paradoxus strains were selected for analysis, including all of the grape isolates and a subset of the oak isolates with preference given to those from different trees (Table 1) . A single S. cerevisiae isolate from a spontaneous fermentation, two isolated from macerated grapes near the winery as well as two cherry and two oak-tree strains sampled from Wisconsin were also included.
Rates of polymorphism and heterozygosity based on RAD sequencing
Restriction site-associated sequencing identified 5425 polymorphic sites in S. cerevisiae and 9809 polymorphic sites in S. paradoxus. Based on the RAD sequence of four previously sequenced strains, we estimated falsepositive rates of 2.0 9 10 À5 and 1.2 9 10 À5 for two S. cerevisiae strains and 4.1 9 10 À4 and 1.6 9 10 À4 for two S. paradoxus strains (Table S7 , Supporting information). The higher estimated rate of false positives for S. paradoxus may be due to the divergence between stocks of the same strain; the S. paradoxus sequences were generated from different stocks, whereas the S. cerevisiae sequences were generated from the same stock. Most strains exhibited low levels of heterozygosity; fewer than 2% of SNPs were called heterozygous based on the total number of differences between the sequenced strain and reference genome. High rates of heterozygosity were found in two cherry strains, DCM6 and DCM21 (52.7% and 47.4% of SNPs, respectively), a wine strain isolated from a vineyard grape (KEH000415, 12.2%) and a wine strain isolated from a spontaneous wine fermentation (KEH02575, 22.5%).
Phylogenetic analysis of S. cerevisiae
A bootstrap consensus phylogeny was constructed for all S. cerevisiae samples including 17 grape samples (MO, OR), 10 oak samples located within or adjacent to vineyards (MO, OR), 15 oak samples located outside of vineyards (MO, OR), a single strain from a spontaneous fermentation, 2 strains from macerated grapes near a winery, 2 oak samples and 2 cherry samples from Wisconsin. The neighbour-joining tree (Fig. 1) shows that with the exception of the two cherry isolates, all of the isolates group with previously described European/ wine/vineyard or North American oak populations (Fay & Benavides 2005; Aa et al. 2006; Legras et al. 2007; Liti et al. 2009; Schacherer et al. 2009 ) with high bootstrap support. The North American oak clade includes all six previously sequenced oak-tree isolates. The vineyard clade includes seven previously sequenced vineyard isolates as well as seven nonvineyard strains, only one of which (CLIB215, a bakery strain) was isolated outside of Europe. Of the remaining previously sequenced strains, many are consistent with mating between distinct groups. Included within these are five (I14, T73, YIIc17-E5, Y55, YJM269) vineyard strains that fall outside of the vineyard clade (Fig. 1) .
The clear genetic differentiation between strains within the wine/European clade and North American clade makes it possible to test for migration between sympatric oak and grape populations in North America.
Of the 19 grape and macerated grape isolates, 11 fall within the vineyard clade, and 8 fall within the oak-tree clade (Fig. 1) . Of the 10 vineyard oak isolates, 6 fall within the vineyard clade, and 4 fall within the oak-tree clade. In contrast, all 17 of the 17 nonvineyard oak isolates fall within the oak clade.
Our study sites included two vineyard locations each in both MO and OR. Sample sizes in one MO vineyard (Chaumette) allowed for finer-grained analysis of the distribution of wine and oak strains. Within this vineyard, both wine and oak strains are present, but their distribution is not associated with sample substrate, that is, wine strains are found on both grapes and oak trees, and oak strains are also found on both grapes and oak trees. Thus, over small geographical distances, there is no evidence for restricted migration between oak trees and grapes. In the other three vineyards, isolation rates of S. cerevisiae from grapes were too low to infer genetic patterns. From the second MO winery (Mount Pleasant), four strains (2 from grapes and 2 oaks) were all of the oak genotype, whereas no strains were isolated from grapes in OR, and both strains isolated from oaks in OR vineyards were of the vineyard genotype.
Strains of the oak genotype exhibit a clonal population structure; many of the strains isolated have nearly identical genotypes with no strong geographical pattern. Within oak-tree genotype strains, two clonal subpopulations (pairwise distances <0.0002) contain 24 of the 27 strains in the group (Fig. 1) genotype (KEH00729, 20 isolates) is widespread, found in both vineyards and nonvineyard locations in MO and OR. The oak strains from Wisconsin (DY8 and DY9) as well as another United States oak-tree strain (T7) are also very closely related to the dominant clone KEH00729 (nucleotide p-distances are 0.0009, 0.0005 and 0.0.0012, respectively). The second subpopulation (KEH00411, 4 isolates) was found at both a vineyard and a nonvineyard location in MO (Fig. 1) . Vineyard genotype strains, in contrast to the oak genotype strains, have a less clonal structure with the exception of one group of strains (KEH02580, 8 isolates). The clonal structure of this group of wine strains shows the frequent occurrence of a single genotype within the Chaumette vineyard during the 2009 harvest season.
Patterns and levels of nucleotide diversity also differ between the vineyard and oak clades. Despite the smaller number of clones within the vineyard clade, the overall nucleotide diversity (p*100) within the vineyard clade (0.063) is 46% that of the oak clade (0.137; Table 2 ). As observed in previous studies, the vineyard clade shows lower levels synonymous polymorphism (4-fold degenerate sites) but a higher ratio of nonsynonymous to synonymous polymorphism (4-to 0-fold degenerate sites, chi-squared test, P < 0.001, Table 2 ), compared to the oak clade, consistent with a bottleneck in the lineage leading to the vineyard clade. The vineyard clade also has a higher proportion of rare alleles to high-frequency alleles relative to the oak clade (Fig. S1, Supporting information) , a pattern consistent with either an increase in the number of rare alleles in the vineyard clade during the recovery from a population bottleneck or a decrease in the number of rare alleles in the oak clade due to clonal expansion or a reduction in population size.
Gene flow between differentiated populations of S. cerevisiae
To determine whether there has been any historical gene flow between vineyard and oak strains, we examine the genome distribution of oak and vineyard-clade genotypes using Structure. Congruent with a previous inference of population structure (Liti et al. 2009 ), both the wine/European lineage and the North American oak lineage were clearly differentiated, both for previously characterized isolates as well as isolates collected in this study (Fig. 2) . As such, our microscale sampling of yeast samples from vineyard and nonvineyard locations resolved previously identified subpopulations of S. cerevisiae. Replicate simulations at a given K value became less consistent above K = 3, as indicated with decreased values for G′ (Jakobsson & Rosenberg 2007) , even though likelihood increased. Although values of similarity (G′) between replicate runs at K = 8 and K = 9 are approximately comparable, our results are congruent with a previous inference of population structure (Liti et al. 2009 ) at K = 7, providing resolution of sake, Malaysian and West African lineages in addition to the wine/European and North American oak lineages.
To account for inbreeding, we also examined the genome distribution of oak and vineyard-clade genotypes using INSTRUCT. Although the Gelman-Rubin statistic showed convergence at K = 3, K = 7, K = 8 and K = 9 (GR < 1.1), K = 9 with a mean posterior likelihood value of À1589.8756 was chosen by the program as the most likely number of subpopulations. For five of the nine inferred subpopulations, no individual had >12% membership. The remaining four subpopulations correspond nearly identically with the vineyard, two different oak and West African/Malaysian subpopulations inferred by Structure at K = 7 (Fig. 2) .The sake group clusters with one of the oak groups, and the 'other' group is inferred to represent a mostly vineyard genetic background. Both Structure and INSTRUCT show evidence for admixture between subpopulations.
Potential introgression or admixture between the 'vineyard and 'oak' genotypes was detected by Structure for several of the strains isolated for this study and fell into two categories, those with predominately vineyard backgrounds and those with predominately oak backgrounds (Table 3 and Fig. 3 ). Six strains with oak backgrounds (KEH00146, KEH02595, DY8, DY9, KEH00088 and Nucleotide diversity is the number of substitutions per site (p) *100, calculated using MEGA4.0 (Tamura et al. 2007 ) based on pairwise comparisons of nucleotide substitutions per site. p N /p S is the ratio of nucleotide diversity at nondegenerate (N) to fourfold degenerate (S) sites; twofold degenerate sites were excluded from the analysis. KEH01205) were inferred to have between 0% and 12% vineyard ancestry (Table 3) . Eight strains with vineyard backgrounds (DCM21, DCM6, KEH00221, KEH00415, KEH02575, KEH02714, KEH02809 and KEH02884) are inferred to have between 0% and 29.30% oak ancestry.
INSTRUCT typically inferred a smaller amount of admixture, yet the results are not directly comparable to those of Structure because only a subset of SNPs was used in the INSTRUCT analysis. The relationships among strains are shown in Fig. 3 by multidimensional scaling of genotypic distances, which assumes no underlying population genetic model.
Phylogenetic analysis and distribution of genetic diversity in S. paradoxus
The absence of any geographical differentiation in the S. cerevisiae oak clade is notable given that S. paradoxus is geographically differentiated. However, there are few studies of S. paradoxus population structure in North America. To determine whether the differences in population structure between S. cerevisiae and S. paradoxus are observed within North America, we compared the population structure between contemporary isolates of S. cerevisiae and S. paradoxus.
We examine 28 S. paradoxus strains collected from MO (14) and OR (14 ; Table S4 , Supporting information), in addition to 37 previously sequenced S. paradoxus isolates (Liti et al. 2009) (Table S6 , Supporting information). Phylogenetic analysis resolved the same four populations that genome resequencing uncovered: American, European, Far Eastern and Hawaiian (represented by a single strain; Liti et al. 2009 ; Fig. 3) . Most of the strains isolated from MO and OR belong to the American clade, with the exception of KEH0229, KEH02271, KEH02530 and KEH00137, which belong to the European clade. Isolates belonging to the American clade show further geographical structure. Strains from MO and strains from OR form two distinct clades that are highly supported by bootstrap analysis (Fig. 4) .
Analysis of population structure using the program Structure is consistent with the phylogenetic analysis, revealing three populations corresponding to the previously described American, European and Far Eastern populations, with strain membership corresponding to the clades described above (Fig. S2 , Supporting information). The Hawaiian strain appears to show a signal of genetic admixture, although it is probably that this is an artefact of sample size.
The overall nucleotide diversity (p*100) for S. paradoxus (1.413) is nearly five times higher than for S. cerevisiae (0.297). However, most of that diversity is found between the American and European clades. The amount of diversity contained within the American clade of S. paradoxus (0.167) is only slightly higher than for the oak clade of S. cerevisiae (0.134; Table 4 ). MAF in S. paradoxus show a significant shift towards higher frequency alleles compared to the neutral expectation, both for the entire population and for the American lineage considered independently (chi-squared test, P < 0.001 and P = 0.017, respectively). However, when the European lineage is considered independently, there is a significant shift towards lower frequency alleles compared to the neutral expectation (chi-squared test P < 0.001; Fig. S3 , Supporting information).
Discussion
Saccharomyces cerevisiae is characterized by a number of genetically distinct groups. One group includes vineyard strains and other strains of European origin. Another group includes oak-tree strains from North America. In this study, we show that distinct wine and oak populations of S. cerevisiae, corresponding to these two groups, occur sympatrically within vineyards in North America. While oak and wine strains are present both on grapes and oak trees in vineyards, wine stains are not established or do not persist in nonvineyard habitats. These two clades show major differences in 
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O a k O a k S a k e W . A f r i c a n M a l a y s i a n O t h e r K = 9 l = -1564 GR = 0.854 Fig. 2 Inferred population structure of Saccharomyces cerevisiae. Population structure was examined using the model-based programs Structure (Pritchard et al. 2000) and INSTRUCT (Gao et al. 2007) . DISTRUCT (Rosenberg 2003 ) was used to visualize Structure results for K = 5, K = 6, K = 7 and K = 8 with the highest estimated Ln probably of the data, and INSTRUCT results for the K = 9 run with the highest posterior likelihood value. H′ G′ values from replicate Structure runs were calculated using CLUMPP (Jakobsson & Rosenberg 2007) . The Gelman-Rubin statistics (g-r) for K = 9 was calculated to test for convergence of multiple INSTRUCT chains. Populations are labelled by their assignment from the most likely Structure run at K = 7, but coloured by inferred clustering at the given K value. population genetic parameters, indicating separate and distinct demographic histories. We provide evidence for genetic exchange between wine and oak yeast populations, documented by heterozygous hybrid wine/oak strains from cherry trees and admixed strains from vineyards. While our results do not exclude adaptive divergence between these two groups, they are consistent with a neutral model of divergence mediated by historical barriers to gene flow, particularly between North American and European populations. However, The proportion of membership to vineyard and oak populations inferred by Structure (Pritchard et al. 2000) and INSTRUCT (Gao et al. 2007 ) is shown for each strain isolated for this study for which admixture between vineyard and oak-tree strains was inferred. The primary population listed is the population with >50% membership based on Structure K = 7. we also find that the population structure of oak S. cerevisiae strains is dominated by several clones that exhibit no geographical structure, in stark contrast to the geographical separation observed for populations of S. paradoxus isolated from the same sources.
As demonstrated here and in previous studies, S. cerevisiae and S. paradoxus show very different patterns of genetic diversity and population structure (Naumov et al. 1997; Johnson et al. 2004; Koufopanou et al. 2006; Liti et al. 2009 ). Of particular note is the correlation of genetic diversity with geographical distance observed in S. paradoxus and the presence of genetic barriers between allopatrically diverged populations (Sniegowski et al. 2002) . Similar to previous studies (Liti et al. 2009 ), the level of genetic diversity we observed within S. paradoxus was approximately five times greater than that of S. cerevisiae. The pattern of genetic diversity observed in S. paradoxus is congruent with the isolation between continents (i.e. North America, Europe, Asia), as previously reported (Johnson et al. 2004; Liti et al. 2009 ), but this study provides additional evidence demonstrating genetic differentiation in S. paradoxus associated with geographical distance within a continent, specifically North America. S. paradoxus isolates from MO and OR formed well-supported groups within North American isolates, and there is some support for geographical substructure within OR as well.
We also observe a major difference between S. cerevisiae and S. paradoxus regarding the movement of genes between populations. Four of the S. paradoxus strains isolated from MO and OR were found to cluster with European S. paradoxus, suggesting migration of European isolates into the United States. While we observe admixture between the European (wine) and North American (oak) genotypes of S. cerevisiae, we find no evidence for genetic exchange between European and American S. paradoxus genotypes. The migration of European S. paradoxus isolates and their genetic isolation from North American strains has been observed previously in the North and Eastern United States and Canada (Kuehne et al. 2007 ) and may be indicative of allopatric divergence leading to speciation. Indeed, hybrids between S. paradoxus strains from different geographical origins show a significant decrease in spore viability, indicating partial reproductive isolation (Sniegowski et al. 2002) .
The presence of both European (wine) and North American (oak) genotypes of S. cerevisiae on grapes and oak trees in the vineyard demonstrates that these two groups are sympatric and raises the possibility that mating and genetic exchange occur within vineyards. Previous work has shown that strains from diverse sources appear to be mosaics of other well-defined lineages (Liti et al. 2009 ). However, because of asexual reproduction, it is difficult to know when or where admixed strains arose. We found most admixed strains in vineyards and little evidence for admixed strains from oak trees outside of vineyards (two isolates with 3-6% vineyard background were identified only using INSTRUCT). While it is possible that these admixed strains were derived from matings within the vineyard, where both genetic backgrounds were isolated, no hybrids were recovered within vineyards, and the admixed strains carried only a small portion of genotypes from the other population. The two heterozygous hybrid strains from a cherry orchard in Wisconsin combined with two admixed oak-tree strains from Wisconsin raise the possibility that admixed strains found in the vineyard were migrants from other locations. Interestingly, strains isolated from orchards in China are in some cases most closely related to European/wine strains while in others are more closely related to North American oak-tree strains (Wang et al. 2012) . The discovery of multiple arboreal populations in China, distinct from both North American oak-tree and wine populations, demonstrates that not all S. cerevisiae diversity is captured in existing genome data and suggests that other admixed or distinct populations may await discovery (Wang et al. 2012) . With only a limited repertoire of population genetic variation in North America, it is difficult to infer how recent or where any genetic exchange occurred between the oak-tree and vineyard lineages.
What can explain the historical divergence between the vineyard and oak-tree groups? While there are several potential scenarios that could contribute to the population structure we observed, two likely mechanisms include neutral demographic processes, such as recent migration of allopatrically diverged isolates, or selective forces such as postzygotic barriers to gene flow between locally adapted genotypes.
In regard to the neutral demographic scenario, a potential explanation for the presence of distinct vineyard and oak-tree clades is that (i) these groups were established by the historical separation of European and Both vineyard and oak genotypes were isolated from vineyard grapes and vineyard oaks, yet only oak genotypes were isolated from nonvineyard locations. The presence of both genotypes in vineyards is most likely due to the migration of commercial wine genotypes out of winery facilities and onto grapes and adjacent oak trees. The lack of wine genotypes isolated from nonvineyard locations may indicate that S. cerevisiae lacks sufficient dispersal ability to reach oak trees outside of vineyards and/or that not enough time has passed for this dispersal to occur. The lack of geographical structure within oak strains suggests that either dispersal may not be a limiting factor in S. cerevisiae or that dispersal events are temporally heterogeneous on a time frame longer than the time since vineyard establishment in North America. It is also possible that migration ability has diverged between vineyard and oak populations and contributes to the differences in their distribution. Very little is known about the dispersal range and mechanism for the movement of S. cerevisiae strains under normal conditions, although it has been postulated they are primarily transported by insects, although recent work has shown that wasps (Stefanini et al. 2012) and bees ) may be important vectors within vineyards.
Adaptation and/or domestication could also explain divergence between vineyard and oak clades. Under this scenario, vineyard strains have adapted to the vineyard environment and have potentially become less fit in the oak-tree environment. It is also possible that humans have knowingly or unknowingly propagated yeasts that have desirable enological characteristics. Previous studies have shown differentiation between vineyard and oak strains in wine flavour and aroma (Hyma et al. 2011) , freeze-thaw tolerance and other environmental stresses (Kvitek et al. 2008; Will et al. 2010 ), sporulation, which also indicates a partial loss of outcrossing in vineyard strains (Gerke et al. 2006) , and copper and sulphite resistance (Park & Bakalinsky 2000; Fay et al. 2004; Liti et al. 2009 ). Interestingly, oak-tree strains tend to grow better than vineyard strains in both grape and oak tree simulated medium (Hyma 2010) . In either case, the ubiquitous presence of vineyard-type yeast in vineyards from around the world is almost certainly mediated by human-associated migration, which may not be available to strains in the oak-tree environment.
Another explanation for the restricted range of wine strains is that they are introduced seasonally and do not persist in the vineyard year-round. Other studies have revealed that S. cerevisiae exists on grapes in high frequency only in the few weeks surrounding the grape harvest season (Valero et al. 2007 ) and that commercial winemaking strains disseminate into the vineyard on a seasonal basis (Valero et al. 2005) , which may limit the ability of wine genotypes to migrate to nonvineyard oaks. However, another study reported that commercial strains persist in the vineyard on a perennial basis , and there is evidence that S. cerevisiae can colonize wine cellars (Versavaud et al. 1995; Blanco et al. 2011) .
This study represents one of the first examinations of genome-wide population level differentiation within Saccharomyces species in a single ecological context. Distinct wine and oak populations of S. cerevisiae are observed within vineyards, and each population has unique differences in genetic variation and nucleotide diversity. We find evidence for genetic exchange between the populations, which may suggest that local adaptation is not the primary driving force of genetic differentiation between the populations. However, wine genotypes are restricted to vineyard locations, which may be a result of neutral demographic processes or fitness differences; it remains to be seen whether gene flow between the populations results in individuals that are less fit. It is clear that S. paradoxus and S. cerevisiae, despite their similarities and isolation from sympatric arboreal habitats even the same substrates (Sniegowski et al. 2002; Sampaio & Gonc ßalves 2008) , have dramatically different population structure even in the same environment. Future studies of S. cerevisiae including increased global sampling, especially of European populations will be critical to assess the degree to which local adaptation or domestication is responsible for the presence of distinct populations of S. cerevisiae.
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